Introduction
The serine-threonine kinase, Akt1 (protein kinase Ba), is a member of the AGC kinase subfamily, with two close structural relatives, Akt2 and Akt3, encoded by separate genes. The Akt kinases regulate a diversity of cellular events, including cell growth, differentiation and intermediary metabolism by phosphorylating a range of downstream substrates (Cheng et al, 2005) . Akt kinases are activated by phosphoinositide-3-kinase (PI3K), and are negatively regulated by the lipid phosphatase, PTEN, a tumor suppressor. Inactivating PTEN mutations occur frequently in certain malignancies (Cairns et al, 1997; Li et al, 1997; Bertram et al, 2006) and Akt is frequently activated in tumors (Ayala et al, 2004; Majumder and Sellers, 2005) . Akt1 mediates cell survival by opposing a variety of apoptotic triggers (Dudek et al, 1997; Kulik et al, 1997) . Although the three Akt paralogs are highly homologous, recent evidence indicates that Akt1 and Akt2 perform unexpectedly distinct roles in tumor cells (Irie et al, 2005; Yoeli-Lerner et al, 2005) . Hyperactivation of Akt1, which stimulates pro-survival mechanisms, also inhibits tumor cell behaviors relevant to metastasis, including motility and invasion through matrix barriers (Irie et al, 2005; Yoeli-Lerner et al, 2005) . In prostate cancer, somatic inactivation of PTEN is common in aggressive tumors and correlates with Akt activation. Inactivation of PTEN in the mouse also leads to Akt activation (Kim et al, 2002) . Akt substrates include the target of rapamycin complexes, mTORC1 and mTORC2, the FOXO transcription factors, apoptotic signaling proteins, and the tumor suppressor protein TSC2.
Translocation of Akt isoforms to the plasma membrane is an important feature of the activation process. All three Akt family members contain pleckstrin homology (PH) domains that function to relieve kinase autoinhibition by binding to inositol phospholipids. The PH domains are highly conserved in the Akt family, and disruption of phospholipid binding by point mutation of the PH domain results in an inability to activate Akt1 by insulin (Sable et al, 1998) . Addition of a myristoylation sequence results in constitutive activation of Akt kinase activity (Sable et al, 1998) . Several positive and negative regulators of Akt, such as PDK1 (Anderson et al, 1998) , Src (Chen et al, 2001) , CTMP (Maira et al, 2001) , and caveolin-1 (Li et al, 2003) , associate with cytoplasmic membranes (Du and Tsichlis, 2005) . However, despite the importance of membrane association for Akt activity, the phosphorylation of Akt by PDK1 (Cho et al, 2001) , TORC2 (Sarbassov et al, 2006) , and other kinases (Feng et al, 2004) , but not membrane localization, is the principal mechanism of kinase activation (Sable et al, 1998) . The deletion of the PH domain does not inhibit Akt activation by upstream signals, indicating that membrane localization is not required for kinase activity. In fact, DPH-Akt1 is a more potent enzyme than wild-type Akt1 (Sable et al, 1998) . Akt1 can also be activated in the nucleus in a manner that may not depend on association with cytosolic membranes (Trotman et al, 2006; Wang and Brattain, 2006) . These observations suggest that the specific physiologic roles played by Akt isoforms may depend on unique strategies for subcellular localization of the kinases as well as their accessory proteins.
Recent evidence suggests that Akt signaling in prostate cancer cells is sensitive to alterations in cholesterol metabolism (Zhuang et al, 2002 (Zhuang et al, , 2005 Freeman and Solomon, 2004; Adam et al, 2007) . Cholesterol and glycosphingolipids accumulate in liquid-ordered membrane microdomains, termed 'lipid rafts,' or 'caveolae' in cells that express caveolin proteins. These structures are enriched in certain signaling proteins, such as Src-like kinases. Cholesterol-rich, lipid raft membranes have been implicated in signal transduction, although the mechanistic details of signaling from these microdomains in cancer are still poorly understood (Freeman and Solomon, 2004) . The observation that Akt1 is responsive to manipulations that affect lipid raft cholesterol suggests that an Akt subpopulation may be regulated by molecules that transit to or reside within cholesterol-rich membranes.
In this study, we identify the serine-threonine kinase, Mst1/STK4, as a component of an Akt1 multiprotein complex isolated from lipid raft membranes of prostate cancer cells. We show that Mst1 binds to Akt1 directly and functions as an Akt inhibitor, preferentially in lipid rafts. Mst1 is pro-apoptotic in its active form (de Souza and Lindsay, 2004) ; thus, a role as an Akt1 inhibitor is consistent with the described function of the kinase as an amplifier of apoptotic signals. Interestingly, however, we demonstrate that Mst1 inhibits Akt1 in its mature, full-length form, and also in its caspasecleaved state, where two distinct species localize to the cytoplasm and the nucleus, respectively, and are independently capable of attenuating Akt1 activity. Patterns of protein expression seen in human tumors suggest that Mst1 may play a role in prostate cancer progression.
Results

Mst1/STK4 is an Akt1-interacting protein
Biochemical fractionation of LNCaP prostate cancer cells using a method that enriches for cholesterol-rich, lipid raft membranes (Solomon et al, 1998) , followed by analysis of Akt1 by western blot with putatively monospecific antibodies, indicated that Akt1 resides primarily in the Triton X-100 (TX-)-soluble fraction (Supplementary Figure S1A) . (In this study, Akt rather than Akt1 is used in the text and figures if specificity against the Akt1 isoform is not assured.) These experiments and others using sucrose gradient centrifugation to isolate lipid raft membranes indicate that about 10% of non-nuclear Akt1 is present in lipid raft fractions (Adam et al, 2007) . Blotting and immunoprecipitation (IP) experiments showed that a protein that was unlikely to be Akt, but which formed a complex with Akt in TX-insoluble, octylglucoside (OCG)-soluble fractions ( Figure 1A and Supplementary Figure S1A ), was recognized by a polyclonal antibody (9275, Cell Signaling Technology) raised against one of the principal Akt1 phosphorylation sites (p-T308). We inferred this to be a crossreaction, because this protein was not recognized by a monoclonal antibody against the p-T308 Akt1 residue. We hypothesized that Akt forms a complex with another kinase, apparently preferentially in a raft-like subcellular location.
To identify the proposed Akt interaction partner, we immunoprecipitated Akt from TX-insoluble/OCG-soluble fractions from LNCaP cells and used mass spectrometry to identify and characterize co-precipitating proteins. These Figure S1B) . The presence of Mst1 in the Akt complex used for IP and mass spectrometry was confirmed by western blot (Supplementary Figure S1C) . Immunoblotting was also used to confirm that the 9275 anti-p-T308 antibody recognized purified Mst1 (Supplementary Figure S1D and E).
Because Mst1 was identified in a lipid raft-enriched fraction, we tested whether endogenous Mst1/Akt complexes could be found in other subcellular fractions. Mst1 was detected primarily in Akt complexes of TX-insoluble fractions ( Figure 1B) , despite the fact that Akt predominantly localized to cytosolic and nuclear fractions, whereas Mst1 was most abundant in the cytosolic fraction. The identification of Akt1 as the Akt isoform interacting with Mst1 was confirmed using an Akt1-specific antibody (2H10, specificity demonstrated in Supplementary Figure S1F ). These observations suggest that complex formation between endogenous Mst1 and Akt1, as measured by co-IP using two different Akt1 antibodies, occurs preferentially in lipid raft membrane fractions.
Mst1 also co-precipitated from HEK 293T cells with myristoylated (membrane-targeted and constitutively active) Akt (Myr-Akt1) using Akt antibodies, and conversely, Myr-Akt1 co-precipitated with Mst1 antibodies ( Figure 1C ). Mst1 also interacted with wild-type (non-myristoylated) Akt1 (Supplementary Figure S2A) . In addition, co-precipitation of Akt1 and Mst1 was observed in COS cells (Supplementary Figure S2B ).
Mst1 and Akt1 physically interact
To determine whether Mst1 and Akt1 interact directly, myristoylated Akt1 was immunoprecipitated in the presence of increasing amounts (0, 250, and 500 ng) of purified Mst1, and the presence of Mst1 in the precipitated complex was assessed. Mst1 interacted with Akt1 in a dose-dependent manner ( Figure 1D , upper panels). In a separate experiment, purified Mst1 interacted with endogenous Akt1 immunoprecipitated from HEK 293T cells (Supplementary Figure S2C) . Conversely, purified Akt1 interacted with overexpressed full-length Mst1 ( Figure 1D , lower panels). In addition, we performed direct binding assays using the two purified proteins. For these experiments, baculovirus-expressed Akt1 was immunoprecipitated with anti-Akt1 antibody, and then mixed with purified Mst1. Similarly, purified Mst1 was immunoprecipitated with anti-Mst1 antibody and then mixed with purified Akt1. Both experiments demonstrated complex formation between Mst1 and Akt1 ( Figure 1E and F).
The two Mst1 caspase cleavage products bind within the Akt1 hydrophobic domain Mst1 has two principal functional domains: an N-terminal kinase domain that is released from an inhibitory C-terminal regulatory domain by a caspase-dependent mechanism during apoptosis (de Souza and Lindsay, 2004) . To determine which Mst1 domain interacts with Akt1, we generated two deletion constructs, Mst1-N (residues 1-330) and Mst1-C (residues 331-487), corresponding to the two principal caspase cleavage products . Each construct was coexpressed with either Myr-Akt1 or T7-tagged wild-type Akt1. Surprisingly, both Mst1-N-terminal and Mst1-C-terminal domains interacted with both forms of Akt1 ( Figure 2A and B), in a manner indistinguishable from full-length Mst1. Complex formation between Mst1-N and Myr-Akt1 was competitively inhibited by Mst1-C ( Figure 2C ), and similarly, complex formation between Mst1-C and Myr-Akt1 was inhibited by Mst1-N (Supplementary Figure S2D) , consistent with the conclusion that both principal Mst1 domains interact with Akt1 independently and at a common binding region.
In contrast, a kinase-dead (KD) Mst1 mutant, K59R (Yamamoto et al, 2003) , did not interact with Myr-Akt1 ( Figure 2D ). Dosage experiments demonstrated that coexpression of the Mst1-KD mutant with wild-type Mst1 dramatically inhibited the ability of wild-type Mst1 to bind to Akt1 ( Figure 2E , upper panels). The KD mutant also dose-dependently inhibited the kinase activity of the immunoprecipitated Mst1 complex ( Figure 2E , lower panels). These data are most easily explained by the sequestration of wild-type Mst1 by Mst1-K59R into an inactive complex, consistent with the dominant inhibitory function of the KD mutant (Yamamoto et al, 2003) . These results suggest that conversion of fulllength Mst1 into an active form may be required for formation of the Akt1/Mst1 complex.
In contrast to the results observed using full-length Mst1-K59R, the inactive N-terminal caspase cleavage product containing the K59R mutation (Mst1-N (K59R), Cheung et al, 2003) did interact with Myr-Akt1 ( Figure 2F ). These data suggest that the Mst1 phosphotransferase function, while required for conversion of inactive Mst1 to the active form, is not required for binding of Mst1 to Akt1. Consistent with this interpretation, Mst1-C, which does not harbor kinase activity, also bound Akt1 ( Figure 2B ).
We analyzed a series of Akt1 mutants to identify structural features required for interaction with Mst1 ( Figure 3 ). Akt1 has three major functional domains: an N-terminal PH domain, a highly conserved catalytic domain and a C-terminal hydrophobic motif. Phosphorylation at two sites (T308 and S473) is required for full kinase activity. Myc-tagged Mst1 was coexpressed in HEK 293T cells along with the HA-tagged Akt1 mutants, as shown in Figure 3A . Co-IP revealed that the construct lacking the PH domain maintained the interaction with Akt1 ( Figure 3B ), indicating that the membrane-associated region is not essential for Akt1 binding. However, two constructs with mutations near the C-terminus, P424A/427A, and S473A, bound poorly or not at all to Akt1 ( Figure 3B ). The weak binding seen with the S473A mutant cannot be attributed to reduced kinase activity resulting from ablation of one of the principal phosphorylation sites because of the fact that two other kinase-inactivating point mutations (T308A and K179M), which lie outside the C-terminal region and individually ablate all kinase activity (Alessi et al, 1996; Dudek et al, 1997) , did not inhibit binding to Akt1 ( Figure 3C ). Similarly, use of the PI3K inhibitor, LY294002, which also inhibits Akt, stimulated the Mst1-Akt1 interaction and also increased the amount of phosphorylated (activated) Mst1 recoverable in the precipitated Mst1/Akt1 complex ( Figure 3D ). Together, these data demonstrate that Akt1 kinase activity is not required for Mst1 binding. Notably, the P424A/427A mutations reside within the Src-binding site, and these P-A substitutions result in a loss of Src binding (Jiang and Qiu, 2003) . This suggests that the Mst1-binding site on Akt1 is within the C-terminal region, which serves as a binding domain for several proteins that regulate Akt1 activity (Du and Tsichlis, 2005) . Consistent with this prediction, Figure 3E ). Both Mst1-N and Mst1-C demonstrated a similar requirement for the C-terminal region for binding, indicating that both caspase cleavage fragments bind to the same region in Akt1 as does full-length Mst1, consistent with the results of the competition experiments ( Figure 2C and Supplementary Figure S2D ).
Mst1 colocalizes with activated Akt1
Mst1 has been demonstrated to shuttle between the cytoplasm and nucleus (Ura et al, 2001) . To assess the extent of subcellular Akt1 and Mst1 colocalization in vivo, Mst1 was expressed either alone, or together with (constitutively active) Myr-Akt1, in COS cells ( Figure 4A ). Immunofluorescence microscopy revealed that in the absence of Myr-Akt1, Mst1 was present in both the nucleus and cytoplasm. Myr-Akt1 and Mst1 extensively colocalized at membrane sites, as assessed by labeling with the cholera toxin B subunit (CTxB), which recognizes a lipid raft-resident ganglioside (GM1) (Nichols, 2003) . A similar result was seen using GFP-Myr-Akt1 in DU145 cells (Supplementary Figure  S3A) . In contrast, in the presence of GFP-Myr-Akt1, the kinase-inactive Mst1-K59R mutant was not demonstrably present at raft-like membranes (Supplementary Figure S3A) . Consistent with these data, endogenous Mst1 was found in lipid raft-enriched fractions in DU145 cells by western blot (Supplementary Figure S3B) ; however, the pattern of distribution between raft and non-raft cytosol/membranes fractions resembled that seen for Akt1.
Coexpression experiments carried out with Mst1-N and Mst1-C in DU145 cells indicated that Mst1-C colocalized with GFP-Myr-Akt1 in the cytoplasm and at the plasma membrane, whereas Mst1-N markedly did not colocalize with the membrane-targeted form of Akt1 ( Figure 4B ). Consistent with the above finding, in LNCaP cells, where Akt1 is constitutively activated (Cairns et al, 1997) , Mst1-N colocalized with endogenous p-Akt in nuclei, whereas Mst1-C colocalized with p-Akt in the cytoplasm and plasma membrane ( Figure 4C ). Mst1 also colocalized with Akt1 following treatment of DU145 cells with IGF-1, a physiologic Akt1 activator ( Figure 4D ). In these experiments, Mst1/Akt1 complexes were identifiable by IP when Myr-Akt1 and Mst1 were overexpressed (Supplementary Figure S3C) .
Mst1 antagonizes Akt1 activity in mammalian cells
Mst1 and its closely related paralog, Mst2, exert pro-apoptotic functions by antagonizing cell survival signals (Deng et al, 2003; de Souza and Lindsay, 2004; O'Neill et al, 2004) . To investigate whether either Mst1 or Mst2 act on endogenous Akt1, Mst1 and Mst2 were depleted in LNCaP cells by RNA interference, and Akt1 activity was evaluated ( Figure 5A and E). Depletion of either Mst1 or Mst2 quantitatively increased Akt1 phosphorylation and activity levels relative to the scrambled siRNA negative controls. Interestingly, depletion of both proteins further enhanced Akt1 activity ( Figure 5A ), indicating that endogenous Mst1 and Mst2 cooperate in LNCaP cells to negatively regulate Akt1. Neither the scrambled nor the Mst1/2 siRNAs had any effect on Akt1 protein levels.
Forced expression of full-length Mst1, Mst1-N or Mst1-C inhibited endogenous Akt1 activity in LNCaP cells with similar efficiency ( Figure 5B ) and induced apoptosis ( Figure 5C ), consistent with the requirement for constitutive signaling through the PI3K/Akt pathway for survival in this cell line (Lin et al, 1999) . Knockdown of Mst1, Mst2, or both isoforms (Mst1/2) antagonized the apoptotic effect of LY294002 in LNCaP cells, implicating endogenous Mst1 in the apoptotic mechanism induced by PI3K inhibition ( Figure 5D ). As expected, endogenous Akt1 activity was substantially inhibited in LY294002-treated LNCaP cells transfected with a scrambled oligo pool; however, Akt1 inhibition was modest when Mst1, Mst2, or Mst1/2 were silenced ( Figure 5E ). Mst1/ 2 knockdown also resulted in the differential increase in phosphorylation within lipid raft-enriched fractions of a likely Akt substrate, recognized by an antibody raised against a phosphorylated Akt consensus site (compare lipid raftenriched (TI) and non-lipid raft cytosolic fractions (TS), Figure 5F ), suggesting that Mst1/2 may function preferentially within lipid raft membranes. An inhibitor of the JNK pathway did not attenuate the ability of Mst1 to inhibit Akt1 (Supplementary Figure S4) , indicating that JNK, which can be activated by Mst1 (Glantschnig et al, 2002) , is not involved in the mechanism we describe here. These observations indicate that endogenous Mst1/2 regulate endogenous Akt, and that both kinases appear to be involved in the apoptotic process induced by disruption of the PI3K/Akt pathway in LNCaP cells.
Mst1 is activated by staurosporine (Ura et al, 2001 ). We observed robust Mst1 phosphorylation in response to staurosporine in MC3T3 cells; consequently, we attempted to capture the dynamic formation of Mst1/Akt1 complexes during staurosporine-induced apoptosis in these cells. Complexes between full-length Mst1 and Akt1, and cleaved Mst1-N and Akt1, were identified in staurosporine-treated Figure 6A ). These data show that Mst1/Akt1 complexes may include both full-length and N-terminal caspase-cleaved Mst1 forms.
Our findings to this point suggested that all three forms of Mst1-full-length, and N-and C-terminal caspase cleavage products-are Akt1 inhibitors. Transfection experiments in COS cells demonstrated that full-length Mst1, as well as Mst1-N and Mst1-C, inhibited EGF-stimulated endogenous Akt phosphorylation and kinase activity ( Figure 6B ). Inhibition was abolished by co-transfection with the KD Mst1-K59R mutant ( Figure 6C ), indicating that Akt1 inhibition originates from Mst1. Taken together, these data demonstrate that Mst1 and its two caspase cleavage products inhibit Akt1 activity, most likely by a mechanism involving complex formation between the two proteins.
Mst1 reverts an Akt1-induced phenotype in vivo, in the zebrafish
To determine whether Mst1 can inhibit Akt1 in vivo, we have taken advantage of the fact that genes can be easily overexpressed in the zebrafish (Danio rerio) embryo by cRNA injection at the single-cell stage. We observed that injection of human MYR-AKT1 cRNAs into single-cell stage zebrafish embryos resulted in a prominent gastrulation defect clearly evident at 24 h (Figure 7 ), consistent with a previous report on the effect of constitutively activated Akt1 in early zebrafish development (Chan et al, 2002) . Coinjection of human MST1 cRNAs resulted in the rescue of the MYR-AKT1-induced phenotype (Figure 7 ), demonstrating that, as in vitro, Mst1 can functionally antagonize activated Akt1 in vivo. These experiments were repeated extensively, to confirm a dose-response relationship between the amount of injected human MST1 cRNA and phenotypic rescue (Table I , experiment A). In contrast, injection of cRNA encoding the fulllength kinase-inactive MST1 mutant (K59R) did not rescue the Akt1-induced phenotype (Figure 7 ; Table I , experiment A), consistent with the observation that the K59R mutation in full-length Mst1 resulted in loss of Akt1 binding and loss of Akt inhibitory activity.
The zebrafish cRNA injection assay also allowed us to examine the effects of the Mst1-N and Mst1-C cleavage products on Akt1 activity in an in vivo setting. Coinjections of single-cell zebrafish embryos with MST1-N or MST1-C cRNAs along with MYR-AKT1 cRNA showed that both truncated Mst1 forms were able to rescue the Myr-Akt1-induced phenotype in a manner indistinguishable from that of the full-length MST1 cRNA (Figure 7 ; Table I , experiment B). This assay also allowed us to test the prediction that inactive Mst1-N (K59R) would inhibit Akt1 in vivo, based on the fact that Mst1-N KD mutant bound Akt1, unlike full-length Mst1-K59R ( Figure 2F ). This prediction was confirmed in the zebrafish, where coinjection of MST1-N (K59R) cRNA rescued the Myr-Akt1 phenotype (Figure 7 ; Table I , experiment B). In summary, consistent with the biochemical analyses, results from the in vivo studies in zebrafish indicate that Mst1 kinase activity is required for conversion of fulllength Mst1 into an Akt1 inhibitor, and that the kinase activity per se is not required for inhibition of Akt1 by Mst1. This is consistent with published data that Mst1 is largely inactive in non-apoptotic cells and requires an activating event to become fully functional (de Souza and Lindsay, 2004). 
Mst1 and Akt1 expression in human prostate cancer
Signaling through the PI3K/Akt pathway has been demonstrated to be important in prostate cancer and other malignancies (Ayala et al, 2004; Cheng et al, 2005) . To characterize Mst1 expression during prostate cancer progression, and to determine how any such changes might correlate with changes in Akt1 expression, slides from a human prostate cancer tissue microarray (TMA) were immunohistochemically stained with well-characterized antibodies. This TMA contains specimens corresponding to benign prostate, localized adenocarcinoma, and hormone naïve and hormone refractory metastatic cancer. Mst1 and Akt1 localized to identical subcellular compartments in adjacent sections ( Figure 8A and B) , suggesting that cell-trafficking mechanisms in the tumor cells are permissive for direct interaction between the two proteins. Mst1 and Akt1 levels both increased from the normal to the malignant state, and both declined in the metastatic cancers ( Figure 8C and D) . Mst1 protein levels in the cancer group declined quantitatively with disease progression. High levels of activated Akt (p-S473) corresponded to the lowest levels of Mst1 seen in the tissues ( Figure 8E and F) , suggesting that inhibitory effects of Mst1/2 on Akt activity may diminish in some cases with progression to advanced disease in prostate cancer.
Discussion
In this study, we show that the serine-threonine kinase, Mst1/ STK4, is a novel inhibitor of Akt1. The regulatory mechanism has a number of interesting features that have not been previously described. Mst1 was originally identified as a highly active kinase during cellular apoptosis and is now known as a caspase target and an amplifier of apoptotic signals (Ura et al, 2001; Cheung et al, 2003; de Souza and Lindsay, 2004) . We identified Mst1 by mass spectrometry in an immunoprecipitated Akt complex generated from lipid raft-enriched biochemical fractions isolated from LNCaP cells. We found that, in comparison to cytosolic and nuclear fractions, lipid raft fractions were a favored site of interaction between the endogenous Mst1 and Akt1 proteins, suggesting that association of the complex with lipid rafts was biologically significant. Consistent with this interpretation, in cells expressing Myr-Akt1, a form of Akt1 that is heavily overrepresented in lipid raft membranes (Adam et al, 2007) , Mst1 relocated primarily to the cytosolic regions that were decorated with a lipid raft marker. RNA silencing of Mst1/2 also resulted in a differential increase, within lipid rafts, in the phosphorylation of a prominent protein recognized by an Akt substrate antibody and therefore likely to be a downstream target of Akt1. Thus, Mst1 appears to be an Akt1 regulator that, in part, functions within cholesterol-rich membranes.
We demonstrate that full-length Mst1, as well as its two major caspase cleavage products consisting of the N-terminal and C-terminal regions of Mst1, function as Akt1 inhibitors by a mechanism that likely involves direct interaction with Akt1. Consistent with this interpretation, baculovirus-purified Akt1 and Mst1 formed a complex in vitro in the absence of accessory proteins. Mst1-N and Mst1-C do not share significant homology at the level of primary Table I (experiments A and B). w 2 statistical analysis. Po0.001 between * and w group, between * groups and ** group, and between w and ** group. (Widmann et al, 1998) , and in some cases are functionally re-directed following caspase-dependent proteolysis (Schlesinger et al, 2002) , this is the first example of a kinase having two structurally unrelated domains whose cleaved products act in a fashion similar to the mature protein. For example, in contrast to Mst1, another membrane-localized Akt1 inhibitor, PRK2, only binds to Akt1 in its cleaved form (Koh et al, 2000) . It is possible that noncleaved Mst1 serves to regulate Akt1 as a component of a preexisting complex that can respond rapidly to upstream signals, and that Mst1 activation and cleavage occurs within this complex. In support of this model, Mst1 has been shown to exist in complex with other functional regulators, such as the tumor suppressor protein, RASSF1A, which plays a role in death receptor signaling (Oh et al, 2006) and mitosis (Guo et al, 2007) . Our results suggest that the N-terminal caspase product, Mst1-N, which is a mediator of chromatin condensation during apoptosis (Ura et al, 2001; Cheung et al, 2003) , assumes multiple roles following transit to the nucleus, and that Mst1-C, which is involved in autoinhibition of full-length Mst1 (Praskova et al, 2004) , plays an additional role as a cytosolic Akt1 regulator following caspase cleavage. Mst1-N has previously been shown to localize primarily to nuclei, whereas Mst1-C was demonstrated to reside in the cytoplasm and at cell membranes (Ura et al, 2001) , and our data are consistent with this conclusion. However, we also show that full-length Mst1 can colocalize with activated Akt1 when Akt1 is targeted to cytosolic membranes. These findings suggest that both the full-length forms of the protein, as well as the caspase-cleaved fragments, regulate Akt1 within different regions of the cell, possibly as components of larger complexes that reside in distinct subcellular compartments. A model consistent with our findings is shown in Figure 9 .
We have employed a variety of complimentary approaches to demonstrate that Mst1 and its N-and C-terminal forms inhibit Akt1, including a novel functional assay in the zebrafish embryo. Because Myr-Akt1 is approximately 60-fold more active than wild-type Akt1 (Andjelkovic et al, 1997) , the results of the zebrafish experiments strongly suggest that Mst1 and its cleaved fragments are potent Akt1 inhibitors. The zebrafish studies also allowed us to verify that both Mst1 cleavage products inhibit Akt1 in a manner that depends on direct binding, not intrinsic phosphotransferase activity. Our finding that KD-Mst1-N can bind and inhibit Akt1, while mature KD-Mst1 cannot do either, is consistent with the described mechanism of Mst1/2 activation, which involves intramolecular phosphorylation of Thr183 (Thr180 in Mst2) within the activation loop, thereby converting the protein from an inactive to an active configuration (Praskova et al, 2004) . Taken together, our results strongly suggest that kinase-inactive, uncleaved Mst1 cannot inhibit Akt1, because intrinsic phosphotransferase activity is required for autoactivation of the protein. Once activated, binding of Mst1 to Akt1 is sufficient to inhibit Akt1 phosphorylation, activity and downstream signaling events. This model allows for the possibility that Akt1 and Mst1 may be associated in a 'latent' form in a multiprotein complex and that upstream signals may specify the onset or extent of inhibitory activity ( Figure 9) .
We found that all three forms of Mst1 require the Cterminal region of Akt1 for binding. Consistent with these results, the membrane-associated Akt1 inhibitor, CTMP, also reportedly functions by a mechanism involving direct binding to this region, thereby preventing Akt1 phosphorylation (Maira et al, 2001) . Mst1-N shares sequence homology with the Akt1-binding region of another Akt1 inhibitor, PRK2, which is also cleaved by caspases during apoptosis (Supplementary Figure S5) (Koh et al, 2000) , although the Akt1-binding region of PRK2 does not contain a kinase domain. Direct binding of an inhibitor to the Akt1 hydrophobic region may thus be an economical means of regulating kinase activity by limiting the ability of PDK1 to phosphorylate T308 in the activation loop.
Our data also indicate that Mst1 and Mst2 are endogenous Akt1 inhibitors in LNCaP cells. Knockdown of either Mst paralog also reduced the apoptotic effect of PI3K inhibition in LNCaP cells, demonstrating that Mst1/2 mediate apoptosis in this background. Mst2 likely serves a functional role similar to Mst1. For example, an important feature of the pro-survival mechanism of the kinase Raf-1 is the suppression of Mst2 (O'Neill et al, 2004) . We found that Mst1 and Akt1 colocalize in human prostate cancer tissues and expression levels of the two kinases in the TMA we examined were altered in a similar pattern with disease progression. Importantly, we found that Mst1 levels declined with progression to hormone refractory disease and this decline coincided with an increase in Akt phosphorylation, consistent with the possibility of a regulatory relationship. An interesting hypothesis that remains to be tested is whether reduction in Mst1/2 expression contributes to the emergence of the metastatic phenotype, possibly due to loss of the proteins' apoptotic function.
Our study demonstrates that Akt1 intersects directly with the Mst1 pathway, thus illuminating another branch of the PI3K/Akt signal transduction mechanism. The Mst1/2 homologs, STE20 in Saccharomyces cerevisiae and Hippo in Drosophila are mediators of programmed cell death, indicating a high degree of evolutionary conservation of the apoptotic function (Udan et al, 2003) . The PI3K/Akt pathway has an ancient evolutionary history (Cho et al, 2001) , and the Akt inhibitory function of human Mst1 and its cleavage products is conserved in vivo as seen in the zebrafish model. These findings suggest that the Mst/Akt regulatory relationship may be evolutionarily conserved.
Materials and methods
Plasmids RNA isolation and reverse transcription (RT) were performed as described previously (Cinar et al, 2001) . Human Mst1 cDNA was generated by PCR using a high-fidelity system (Invitrogen, Carlsbad, CA). Human Mst1, Mst1-N, and Mst1-C were cloned by PCR into pCMV-HA or pCMV-Myc. For cRNA generation, Mst1, Mst1-N, and Mst1-C were cloned by PCR into pCR2II, from which sense and antisense RNA transcripts were derived. The pCMV6-HA-Myr-Akt1 (mouse) plasmid was from Thomas Franke, Columbia University, and pcDNA3-T7-Akt1 was from William Sellers, Dana-Farber Cancer Institute. HA-Akt truncation mutants and HA-Akt-PXXP were from Carol Lange, University of Minnesota. Additional HAAkt1 constructs were generated by PCR. GFP-Akt1 was obtained as described previously (Skaletz-Rorowski et al, 2003) . Point mutations were generated using the Quick-change kit (Stratagene, La Jolla, CA). Nucleotide sequencing was used to confirm the sequence of all constructs.
Antibodies and reagents
Mst1, p-Mst1 (T183), Akt, p-Akt (T308/S473), and phospho-Akt1 substrate antibodies were purchased from Cell Signaling (Danvers, MA); anti-HA was obtained from Covance (Berkeley, CA); anti-Myc was obtained from BD Biosciences (Mountain View, CA); Cy-3 or Cy5-labeled secondary antibodies were obtained from Jackson ImmunoResearch (West Grove, PA); JNK and PI3K inhibitors and staurosporine were purchased from Calbiochem (San Diego, CA); purified Akt1 and Mst1 were purchased from Upstate Biotechnology (Lake Placid, NY); FITC-CTxB was purchased from Sigma (St Louis, MO); SuperSignal was obtained from Pierce (Rockford, IL); Lipofectamine 2000 was purchased from Invitrogen; Fugene-6 was purchased from Roche. (Indianapolis, IN) ; DharmaFECT 2 was obtained from Dharmacon Inc. (Lafayette, CO); and IGF-1 and EGF were obtained from R&D Systems (Minneapolis, MN).
Immunoprecipitation and western blotting
Fractionations were performed as described previously (Zhuang et al, 2005) . Cell lyses were performed in buffer containing 20 mM HEPES, pH 7.4, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, and protease inhibitors. For immunoprecipitation, cleared lysates were incubated with antibody overnight at 41C. Antibody-antigen complexes were collected on Protein A-or G-sepharose. Immunoprecipitates were resolved by SDS-PAGE, transferred to nitrocellulose membranes and blocked either with PBST (0.1% Tween-20) containing 5% (w/v) skim milk powder or PBST containing 5% BSA (Sigma). Following immunoreactions, signals were visualized by chemiluminescence.
Mass spectrometry
Akt immune complexes were fractionated by SDS-PAGE and proteins visualized with SyproRuby. Excised gel fragments were destained, then dehydrated in 100% MeCN, dried, rehydrated with 200 ml trypsin solution (20 ng/ml in 40 mM NH 4 HCO 3 /10% MeCN, pH 8.1), and incubated overnight at 371C. Following digestion, fragments were extracted with 50% MeCN/5% trifluoroacetic acid. Extracts were dried and clarified with ZipTip C 18 columns (Millipore Corporation, Billerica, MA). Digests were eluted and spotted directly onto MALDI plates. Mass spectra were generated using a Voyager-DE Pro workstation (Applied Biosystems; Foster City, CA) in reflector mode. Spectra were internally calibrated and smoothed using Data Explorer (Applied Biosystems), and submitted
